Following recent evidence that brachial and femoral artery pressures are more reliable than radial artery pressures after cardiopulmonary bypass, thirty-one adults had simultaneous preand post-bypass measurements of brachial ,femoral, and ascending aortic pressures. Two minutes after cardiopulmonary bypass, brachial artery systolic pressure and mean arterial pressure fell significantly below corresponding pressures in the femoral artery and aorta. Five minutes after cardiopulmonary bypass, only brachial artery systolic pressure was still less than femoral and aortic systolic pressures. By ten minutes after bypass, all significant pressure differences had resolved except between brachial and femoral artery systolic pressures. Clinically significant (2 5 mmHg) aortic-to-brachial reductions in mean arterial pressures occurred in six (19%) patients at two minutes and in three (10%) patients atfive and ten minutes after bypass. Equivalent aortic-tofemoral mean pressure diminution occurred in two (6%) patients at two minutes and one (3%) patient at five and ten minutes after bypass. Neither systemic vascular resistance nor body temperatures contributed significantly to post-bypass central-to-peripheral pressure reductions. Immediately following bypass, femoral artery pressures reproduce central aortic pressures more reliably than do radial or brachial artery pressures.
underestimate central aortic pressures following cardiopulmonary bypass (CPB). 2, 3 Two studies also demonstrate post-CPB differences between femoral and radial artery pressures,4.5 suggesting the superiority of femoral artery pressures in that circumstance, and one report shows post-CPB brachial artery pressures to be more reliable than radial ones. 3 Since the brachial and femoral arteries both appear superior to the radial artery for post-CPB estimation of central arterial pressure, a comparison of femoral and brachial pressures appears desirable to determine if these sites perform similarly. The present study performs this comparison and attempts to explain why peripheral pressures may inadequately represent central arterial pressures following CPB.
MATERIALS AND METHODS
After obtaining informed consent, 31 adults undergoing cardiac procedures (27 coronary artery bypass grafts, 3 valve replacements, 1 combined valve replacement/coronary artery bypass grafts) were studied. Patients were included only if upper and lower extremity intra-arterial pressures were comparable before CPB, defining this as mean pressures within 3 mmHg.
Intravenous, brachial arterial, and pulmonary arterial catheters were placed after premedication with oral lorazepam 50 Ilglkg and intramuscular morphine 0.1 mg/kg. Anaesthesia consisted of fentanyl (50-75 Ilglkg) with pancuronium or metocurine, and supplemental diazepam (::;;0.1 mg/kg) or enflurane (::;;0.5 MAC end-tidal) as needed for blood pressure control before CPB. If these measures failed to keep mean arterial pressure below 100 mmHg or if clinical signs of myocardial ischaemia appeared (ECG or pulmonary artery catheter tracings), intravenous nitroglycerin was titrated to effect. Occasionally phenylephrine was infused to keep MAP above 65 mmHg while awaiting surgical incision. A femoral artery catheter was placed following anaesthetic induction. 15 cm 20 gauge Teflon catheters (Arrow International, Reading, PA, U.S.A.) were utilized in the brachial and femoral arteries, placed with modified Seldinger technique. Each catheter was connected to a Gould (Spectramed, Oxnard, C.A. U.S.A.) P50 strain gauge via a 3-way stopcock and a 30 cm segment of high pressure tubing. The femoral artery transducer was taped securely to the skin over the lateral thigh, and the brachial artery transducer was similarly secured over the ipsilateral deltoid muscle. Both transducers were stabilised at the level of the mid-axillary coronal plane, and all measurements were obtained with the operating table in a horizontal position. The strain gauges were connected to a Hewlett-Packard (Waltham, M.A. U.S.A.) 8805C amplifier and 7754A thermal recorder. The pressure measuring system was zero-balanced and statically calibrated to a mercury standard (0-200 mmHg in 50 mmHg increments) for accuracy and hysteresis. The fast-flush method 6 All digital arterial pressure values were obtained from the calibrated strip-chart recordings by one of two investigators (GPG or SDB), defining systolic and diastolic pressures respectively as the peak and nadir of the waveform at mid-exhalation. Interobserver variability was assessed on five patients' waveforms, finding no differences exceeding 2 mmHg. Mean arterial pressures (MAP) were determined by electronic areaover-length averaging transcribed to the stripchart recordings. Aortic pressures were taken via the CPB ascending aortic infusion cannula, a 120 cm length of high-pressure tubing, and two 3-way stopcocks on the same strain gauge used for brachial artery pressures (mean resonant frequency 24 ± 6 Hz, mean damping coefficient 0.20 ± 0.07). Because brachial and aortic pressures were recorded sequentially over approximately 10 seconds, simultaneously transcribed femoral artery tracings were utilized to ensure that arterial pressure remained stable over the measurement interval, repeating the measurements if necessary.
Brachial and femoral arterial pressures were recorded simultaneously at seven intervals: after insertion of the femoral artery catheter, after aortic cannulation, and at 2,5, 10,20 and 30 minutes following separation from CPB. Aortic pressures were recorded at cannulation and at 2, 5, and 10 minutes after CPB. Other recorded parameters included heart rate and rhythm, duplicate iced thermodilution cardiac outputs (CO), and right atrial (RA), pulmonary arterial, and pulmonary capillary wedge pressures. Systemic vascular resistance (SVR) was derived using mean femoral artery pressure and the following formula: SVR = (MAP -RAP)/CO, where CO represents the mean of duplicate thermodilution outputs. Nonpulsatile cardiopulmonary bypass was conducted using a bubble oxygenator and systemic hypothermia to 26-28°C. Phenylephrine or nitroprusside were infused if perfusion flows of 1.5 to 2.5 IImin/m 2 (hypothermia) or 2.0 to 3.0 lImin/m 2 (normothermia) could not maintain MAPs of 40-90 mmHg. Patients were warmed to 3 rc (measured rectally) before separation from CPB. After CPB, dopamine 4-7 Ilglkglmin was infused if the two-minute hemodynamic measurements revealed MAP < 60 mmHg with cardiac index < 2.0 IImin/m 2 and pulmonary capillary wedge pressure > 15 mmHg. Aortic, brachial, and femoral pressures were compared using two-tailed t-tests with Bonferroni correction,9 resulting in a significance threshold of P= 0.017. Simple linear regression assessed possible correlations between statistically significant post-CPB pressure differences and SVR or body temperatures. Analysis of variance assessed the possible relationships of phenylephrine or nitroprusside use during CPB to post-CPB pressure differences.
RESULTS Table 1 shows clinical details of the patients studied. Four patients (of an original35l were excluded because pre-CPB brachial artery MAP exceeded femoral artery MAP by more than 3 mmHg. Average values of measured and derived parameters are shown in Table 2 . Femoral systolic pressures significantly exceeded aortic systolic pressures at cannulation (P = 0.0001), which was the only pre-CPB arterial pressure difference that reached significance. After CPB, significant systolic pressure differences occurred between aorta (A) and brachial artery (B) at two (P = 0.001) and five (P = 0.003) minutes, and between B and femoral artery (F) for all post-CPB measurements (Pvalues < 0.002). Figure   1 graphs individual systolic pressure differences between aorta and the two peripheral sites before and after CPB. B systolic pressure was usually lower than A systolic pressure after CPB (mean A-B systolic differences 6.6 ± 8.0, 5.1 ± 8.8 and 3.9 ± 8.5 mmHg at 2, 5, and 10 minutes post-CPB, respectively), with the difference decreasing over time; whereas average post-CPB F systolic pressure was greater than Asystolic pressure (mean systolic A-F differences -2.2 ± 9.2, -1.6 ± 6.4 and -2.1 ± 8.6 mmHg at 2, 5 and 10 minutes post-CPB, respectively), as it was before CPB. Two minutes after CPB, six (19%) patients experienced A-B systolic pressure gradients 2:10 mmHg, while two (6%) displayed A-F systolic gradients that large. The mean A-F systolic pressure difference narrowed after CPB because a number of patients then developed A-F systolic pressure reductions ( Figure 1 ). At that time, six (19%) patients demonstrated aorta-brachial pressure diminution ~5 mmHg (three patients ~10 mmHg), whereas two (6%) patients showed aorto-femoral MAP reductions ~5 mmHg (none ~10 mmHg). Five and ten minutes after CPB, three (10%) patients showed aortic-brachial MAP reduction ~5 mmHg, while only one (3%) exhibited that much aorto-femoral pressure reduction. Five and ten minutes post-CPB, no central-to-peripheral MAP reductions ~ 1 0 mmHg occurred. Statistically significant correlations with central-to-peripheral pressure differences could not be demonstrated for SVR, minimum CPB temperatures, duration of rewarming, or the level of oesophageal or rectal temperature at separation from CPB. Similarly, the use of nitroprusside or phenylephrine during the final 15 minutes ofCPB did not correlate with central-to-peripheral blood pressure diminution.
The post-CPB blood pressure changes were often associated with differences in wave contour as shown in Figure 2 . In patients having the greatest disparity between aortic and brachial pressures, the brachial wave showed reduced amplitude and rate of rise in systole. Secondary diastolic oscillations commonly developed in the ascending aorta and femoral artery, but not in the brachial artery.
DISCUSSION
Poiseuille in 1828 established that mean pressure changes little between the proximal aorta and the peripheral arteries, convincing him that conduit arteries provided low resistance to blood flow. 1 More recent studies demonstrated that mean arterial pressure normally declines (1-3 mmHg) and systolic pressure increases (5-60 mmHg) as the pulse wave traverses the conduit arteries. IO pre-CPB measurements show this pattern, but after CPB these relationships often change. Two reports demonstrate aortic-to-radial systolic pressure reductions combined with an exaggerated fall in mean arterial pressure,2.3 and two others show that post-CPB femoral systolic and mean pressures often exceed those in the radial arteryY Although usually transient, these changes may persist beyond arrival in the recovery areaY Gravlee et at. 3 showed that brachial artery mean pressures manifest post-CPB central-to-peripheral discrepancies less often than do radial artery mean pressures.
The present study shows that post-CPB femoral systolic and mean pressures parallel ascending aortic pressures more closely than brachial pressures do. Why does this difference occur? Only two mechanisms could independently explain it: 1. marked upper extremity arteriolar vasodilation with attendant increased conduit artery flow, or 2. decreased calibre of the muscular conduit arteries. The mechanism applied should explain the observed changes in arterial pressures and wave contour and be compatible with the overall haemodynamic measurements.
Variations of the vasodilation argument have been emphasized in three previous PRE·C.P.B. reports. Stern et at. 2 demonstrated an inverse correlation between relative post-CPB forearm vascular resistance and aortic-toradial systolic pressure reduction. Regression analysis showed that forearm vascular resistance changes accounted for 24% of radial systolic pressure reduction, indicating that this could not be the sole mechanism. Pauca and Meredith l3 suggested that arteriovenous shunting in the hand might also occur, possibly strengthening Stern's explanation. Mohr et at. 4 correlated femoral-to-radial pressure differences with decreased SVR. Other studies involving release of tourniquet occlusion, body warming, and vasodilator administration support this mechanism. 14 ,15 Schwid et al. 16 modelled the arterial tree with computer simulation to suggest that decreased systemic and forearm vascular resistances could produce the radial artery changes observed by Stern et aU Although a vasodilatory mechanism could explain the pressure drops, it does not readily account for changes in pressure wave amplitude and contour, including decreased pulse pressure and a slower systolic pressure rise observed in radial and brachial ateries. 2 ,3
The argument for decreased conduit artery calibre implies a pressure drop based on increased tone in muscular conduits such as the subclavian, axillary, and brachial arteries. large changes in pressure drop under laminar flow conditions: (PI -P 2 ) r 4 Q = 8 ilL where PI and P 2 represent upstream (aorta) and downstream (brachial) mean pressures, r = mean radius of the arteries between aortic and brachial measurement sites, Il = blood viscosity, and L = distance between the two sites. If radius remains constant while (P I -P 2) increases from 1 mmHg to 3 mmHg, blood flow must triple. The rather modest post-CPB increase in cardiac index ( Table 2) casts doubt on peripheral vasodilation as the sole mechanism, unless skeletal muscle perfuses or shunts torrentially at the expense of vital organs. Assuming a 30% decrease in blood viscosity from CPB hemodilution, a 30% decrease in conduit artery radius would triple the mean pressure drop. This degree of narrowing falls well within the vasoconstrictive capacity of mammalian muscular arteries. 18 Increased levels of circulating catecholamines during nonpulsatile CPB I9 might facilitate such narrowing. Theoretically, the use of phenylephrine during CPB might also contribute to this, but no such relationship was found. Downstream arteriolar vasodilation such as that described by Stern et al. 2 would accentuate arterial pressure reduction induced by muscular artery narrowing. Such narrowing might spare the femoral artery monitoring site because the 15 cm catheter length would usually place the catheter tip in the common iliac artery, a site very close to the aorta. The predominantly elastic aorta does not appear to possess vasoconstrictive properties in man.
The present results complement previous ones,2,3 which report similar incidences of central-to-peripheral pressure differences when comparable diagnostic criteria are applied. Mohr et al. 4 found a lower SVR in eight patients experiencing post-CPB femoralto-radial MAP discrepancies (:Z10 mmHg) than in forty patients who did not, whereas no SVR contribution was found in the current study. Their patients separated from CPB with a mean core temperature of 33.8°C, whereas those presently reported were rewarmed to core temperatures often exceeding 37SC. Accordingly, the patients reported here separated from CPB with a mean SVR of 11.2 ± 5.7 resistance units, whereas those of Mohr et al. 4 had SVR mean values approximating 15 units (patients with femoral-to-radial MAP gradient < 10 mmHg) and 25 units (patients with < 10 mmHg gradient). Perhaps the distinctly different distribution of temperatures and SVRs explains the apparent disagreement between the two studies.
Whatever the mechanisms for post-CPB peripheral pressure reduction are, femoral pressures reproduce central aortic waveforms and systolic pressures more reliably than brachial pressures do. Brachial artery mean pressures usually approximate central aortic pressure sufficiently to guide clinical decisions, but several exceptions occurred. Although femoral artery catheters may best reproduce post-CPB aortic pressures, some problems also present with that site: 1. aortoiliac occlusive disease coexists in some adult cardiac surgical patients, accounting for the exclusion of four of 35 patients consenting to this study; 2. preoperative catheter placement and blood sampling are inconvenient, and 3. a high-fidelity system for femoral artery pressure monitoring proves difficult to achieve. The long tubing lengths usually required enhance resonance artifact, favouring falsely elevated systolic pressures. 20 This latter problem occurs commonly but is not insurmountable, and it would not affect the accuracy of mean arterial pressures. A reasonable clinical approach might be to monitor radial or brachial artery pressures if preferred, while recognizing that important post-CPB discrepancies may occur. Although some clinicians express concern about upper extremity ischaemia and median nerve . compression, two prospective studies strongly suggest the clinical safety of short-term smalldiameter brachial artery catheters in over 1000 cannulations. 21 ,22 If a central-toperipheral pressure gradient is suspected (often by an overdamped arterial waveform appearance), temporary measurement of ascending aortic pressure should avert treatment of factitious hypotension. If central-to-peripheral discrepancies persist, placement of a femoral artery catheter would appear prudent. While the present report and others validate exaggerated central-toperipheral MAP diminution after CPB, it seems plausible that similarly misleading brachial or radial artery pressures might occur in other hemodynamically unstable patients. This possibility merits further investigation.
